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Dispenser hollow cathodes rely on a consumable supply of Ba released by BaO-CaO-Al2O3 source
material in the pores of a tungsten matrix to maintain a low work function surface. The
examination of cathode emitters from long duration tests shows deposits of tungsten at the
downstream end that appear to block the flow of Ba from the interior. In addition, a numerical
model of Ba transport in the cathode plasma indicates that the Ba partial pressure in the insert
may exceed the equilibrium vapor pressure of the dominant Ba-producing reaction, and it was
postulated previously that this would suppress Ba loss in the upstream part of the emitter. New
measurements of the Ba depletion depth from a cathode insert operated for 8200 h reveal that Ba
loss is confined to a narrow region near the downstream end, confirming this hypothesis. The
Ba transport model was modified to predict the depletion depth with time. A comparison of the
calculated and measured depletion depths gives excellent qualitative agreement, and quantitative
agreement was obtained assuming an insert temperature 70 C lower than measured beginning-of-life
values.VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4938489]
I. INTRODUCTION
State-of-the-art hollow cathodes used in ion and Hall
thrusters consist of a porous tungsten tube (the “insert”),
which is contained in a refractory metal cathode tube with an
orifice plate on the downstream end. A small fraction of the
thruster propellant is injected through the hollow cathode,
and the orifice serves to increase the internal pressure in the
insert region. Electron emission from the inner surface main-
tains an internal plasma which heats the insert to the required
operating temperature and helps conduct the current into the
main discharge. A heater surrounding the cathode is used to
preheat it prior to ignition.
A low emitter operating temperature is achieved by
maintaining a layer of adsorbed oxygen and barium atoms
that reduces the surface work function. In state-of-the-art
impregnated cathodes Ba and BaO are supplied by BaO-
CaO-Al2O3 source material (the “impregnant”) incorporated
in the pores of the tungsten. Gaseous Ba and BaO are
released in interfacial reactions between the tungsten matrix
and the impregnant, producing a temperature-dependent
vapor pressure of these species inside the pores. Ba and BaO
then migrate to the surface by Knudsen flow and surface
diffusion on the pore walls. In vacuum dispenser cathodes,
Ba adsorbates lost by evaporation are replenished by Ba and
BaO through surface diffusion from the pores and most of
the vapor flow from the pores is lost. In gas discharges, the
vapor in the discharge may be transported back to the cath-
ode surface, offering another path for replenishing Ba lost by
desorption.
Near the surface, volatile products of the impregnant
reactions escape to the exterior through the pores, allowing
the reactions to proceed to completion. Eventually, relatively
stable tungstates are produced and production of volatile
species in that region ceases. The reaction front proceeds
deeper into the insert as reactants nearer the surface are con-
sumed and the porosity of the impregnant increases due to
loss of volatile materials. The region behind the reaction
front is depleted of Ba and the depth of this depletion layer
has been characterized in some cathode tests1 as an indicator
of cathode life.
Insert life is ultimately limited by the Ba supply in the
impregnant. When the supply rate from the interior or from
the gas phase drops below the rate at which adsorbed atoms
are lost from the surface by desorption, the surface coverage
drops and the work function rises.2 The cathode eventually
becomes impossible to ignite or cannot be heated to the tem-
peratures needed for the required electron current density.
A combination of experiments and modeling is being
used to develop the analytical capability to assess cathode
failure risk due to Ba depletion. In previous work3,4 detailed
examinations of discharge cathode inserts from two long du-
ration tests were reported. The 8200 h Life Demonstration
Test (LDT) was performed with a 30-cm engineering model
ion thruster5 similar to that flown on the Deep Space 1 (DS1)
mission.6,7 A subsequent Extended Life Test (ELT) was
performed with the DS1 flight spare thruster, ultimately
accumulating 30 352 h of operation.8 Analysis of these
inserts revealed dense deposits of tungsten at the down-
stream end of the insert and evidence that they blocked off
the pores and prevented flow of Ba from under the zone
responsible for most of the electron emission.3 Despite this,
the cathodes operated properly and exhibited no evidence of
performance degradation. Similar tungsten transport has
been observed in many extended hollow cathode tests.2,5,9,10
A model of Ba transport in the hollow cathode plasma3
showed that Ba is effectively recycled in the discharge. Ba
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emitted from the upstream surfaces of the insert is ionized in
the intense Xe plasma and pushed to the downstream surfa-
ces by the electric field. An unexpected result of the model
was that over much of the insert length the neutral Ba partial
pressure exceeds the equilibrium pressure of the dominant
Ba-producing reaction. We proposed that this would sup-
press the impregnant decomposition reactions in these areas
and prevent Ba loss from the interior. The model predicted
that Ba was only supplied to the discharge from a narrow
region just upstream of the tungsten deposits blocking flow
in the electron emission zone.
In this paper, we present new experimental results from
further examination of the LDT discharge cathode confirm-
ing that Ba depletion occurs only in this narrow region.
Predictions of the depletion depth based on an improved
version of the Ba transport model are compared with the
measured values.
II. EXPERIMENTAL CHARACTERIZATION OF BARIUM
DEPLETION
The discharge cathode operated for a total of 8200 h at a
Xe flow rate of 3.7 sccm and a current that ranged from 13 to
15.2 A. Details of the post-test analyses of the insert and
cathode assembly were reported previously.3,5 Here, we
summarize the key observations and report new measure-
ments of the Ba depletion depth as a function of position
along the emitter.
Changes in the emitter geometry were characterized
with laser profilometry and imaging in a scanning electron
microscope (SEM). The LDT discharge cathode profile
exhibited erosion of the inner wall over 15mm at the down-
stream end, with more severe erosion in the first 4–5mm. Up
to 100 lm of the tungsten matrix were lost at the downstream
end. SEM photomicrographs of the emitter surface also
showed a combination of erosion and redeposition of tung-
sten in the downstream regions of the insert. A dense growth
of vapor-deposited tungsten crystals covered the tungsten
pores at the downstream end. Tungsten deposits were found
in the surface pores over the rest of the eroded region,
although it is not clear from the SEM images if these depos-
its closed off the pores.
Quantitative measurements of Ba depletion depths were
obtained using energy dispersive spectroscopy (EDS) of
individual impregnant grains visible in the polished cross
section of the LDT discharge cathode emitter. Figure 1
shows a photomicrograph of an area near the emitter sur-
face. The insert manufacturing process includes a weak etch
after impregnation to remove impregnant from the surface
and pores near the surface. The open pores visible in the
top half of the image indicate this impregnant-free etched
zone. In the lower half, the pores are filled with impregnant
material.
The concentration of Al remains relatively constant over
the insert interior because Al in the impregnant does not
form volatile reaction products. It can therefore be used as
an internal standard to determine relative concentrations of
Ba and Ca. Regions that are depleted of Ba and Ca will have
lower ratios of the Ba or Ca peak area to the Al peak area as
compared with regions with unreacted impregnant. The dif-
ference is quite obvious, as shown in Fig. 2. Regions in indi-
vidual impregnant grains were identified on the SEM
images, and EDS spectra were obtained for those areas. Peak
areas for the dominant Ba, Ca, and Al lines in the spectra
were calculated and used to form the ratios, which were then
plotted as a function of the depth of the impregnant grain
below the boundary defining the edge of the impregnated
zone.
In this example, grains deeper than about 40 lm from
the edge of the etch zone have Ba/Al ratios of about 2.5 and
Ca/Al ratios of 0.29. Grains near the etched zone have corre-
sponding ratios of 0.75 and zero, reflecting a loss of volatile
Ba and Ca reaction products. In some locations, the Ca/Al
ratios in the interior were as high as 0.6, perhaps reflecting a
nonuniform distribution of free CaO. Examining individual
grains at different depths provided a relatively well-defined
boundary for the depleted zone. The majority of grains above
the boundary exhibited Ba and Ca depletion, although
FIG. 1. Photomicrograph of the insert cross section showing pores contain-
ing impregnant material (bottom of image) and the impregnant-free etched
zone near the surface (top of image).
FIG. 2. The boundary between unreacted impregnant and the near-surface
depleted layer based on ratios of Ba and Ca peak areas to that of Al, which
serves as an internal standard.
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isolated exceptions were found, probably in locations which
did not have interconnected pores forming a path to the
surface.
Figure 3 shows measurements of the thickness of the
impregnant-free etched zone and the depth of the depleted
zone along the emitter length. The zero line in this plot cor-
responds to the edge of the impregnated zone. Two notable
features are apparent. First, the cathode suffered remarkably
little Ba loss in this test, with a maximum depleted depth of
only 50 lm. Second, the Ba loss is restricted to a fairly
narrow region centered at 1.6 cm, about 4mm from the down-
stream end. As argued previously,3 the restructuring of the
surface at the downstream end appears to reduce the effective
porosity, preventing Ba loss, and the partial pressure of Ba in
the discharge plasma is sufficiently high upstream that it
inhibits the impregnant decomposition reactions.
III. A MODEL OF BARIUM DEPLETION
The reduction of Ba flux from the insert by tungsten
deposits and the finite Ba partial pressure are incorporated in
a numerical model of Ba transport in the hollow cathode dis-
charge. This model was used to calculate the net barium flow
from the insert and the resulting depletion depth as a func-
tion of time to compare with the experimental results. The
numerical model of Ba transport has been described in detail
previously,3 but the major features will be briefly summar-
ized here. The initial focus of the modeling is on Ba because
this is the dominant species produced by the insert.11 Ba
transport is strongly influenced by the Xe plasma; the elec-
tron density and temperature control the ionization of Ba,
and the electric field in the Xe plasma and collisions with Xe
and Xeþ ions control the diffusion of Ba. However, Ba atom
and ion densities are so low they do not significantly modify
the charge density or temperature in what is primarily a Xe
discharge. This allows us to separate the problem into two
parts and use the major species parameters predicted by a Xe
discharge model developed by Mikellides et al.12 as fixed
quantities in the solution of the minor species transport
equations.
A. Barium transport equations
The Ba flow in the insert plasma is modeled using the
species momentum and continuity equations. We assume
that viscous and magnetic field effects are negligible, that
the phenomena of interest are slow, i.e., there are no high
frequency phenomena and fluid acceleration is small com-
pared to the force terms, and that collisions between minor
species (such as Ba-Baþ collisions) are sufficiently rare that
they can be neglected. The flux of minor species, j, can then
be written as the sum of four terms,
Cj ¼njuj
¼ rPj
j;Xeþlj;Xe 1þ j;Xe=j;Xeþ
 þ enjE
j;Xeþlj;Xe 1þ j;Xe=j;Xeþ
 
þnj 1
1þ j;Xe=j;Xeþ
 
uXeþ þ nj j;Xe=j;Xe
þ
1þ j;Xe=j;Xeþ
 !
uXe:
(1)
The first two terms represent flux driven by pressure
gradient and electrostatic forces. The third term is the flux
driven by drag due to collisions with Xeþ ions, and the
fourth is the flux due to drag from collisions with Xe neu-
trals. Previously, the Xe neutrals were assumed to have
negligible flow velocities;3 however, in this simulation we
use the values calculated in the Xe discharge model.12
For Ba neutrals, the electric field term is zero. The collision
frequency terms are cast in the form of ratios to the dominant
interaction. The electron drag term is neglected because of
the small electron-to-heavy particle mass ratio.
The ion-ion collision frequency that appears in these
equations is given by the standard Coulomb frequency, and
the neutral Ba-Xe collision frequency is expressed in terms
of a constant scattering cross section, rD¼ 40 A˚2, based on
diffusion measurements for Ba in Xe.13 Baþ-Xe and Ba-Xeþ
collisions are assumed to have the same cross section.
The continuity equations for Ba and Baþ can be
expressed in terms of these fluxes,
@nj
@t
þr  Cj ¼ _nj;
where _nBa ¼  _nBaþ . _nBaþ is the rate at which Baþ ions are cre-
ated by ionization of Ba neutrals and _nBa is the rate at which
neutrals are consumed by ionization reactions. The ionization
rate is given by the product of the Ba atom density and the ioni-
zation rate coefficient, _nBaþðTeÞ ¼ nBaizBa. The ionization rate
coefficient for Ba was obtained by integrating Ba ionization
cross sections14 over a Maxwellian velocity distribution. The
model also employs the ideal gas equation of state. The Ba
neutrals and ions are assumed to equilibrate with the Xe atoms
and ions, so all heavy particles have a single temperature, Th.
The Ba transport model depends on a number of Xe
plasma parameters, including the Xe atom and ion densities
and heavy particle temperature, which appear in the collision
frequencies, the electron density and temperature, which
determine the Ba ionization rate, and the Xe neutral and ion
velocity and electric field, which appear in the force terms of
the momentum equations. These quantities are taken from a
FIG. 3. Measured thickness of the etched layer near the surface and deple-
tion depth in the impregnated region beneath it. The zero line represents the
boundary of the impregnated region.
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separate simulation12 of the Xe plasma and are assumed to
be independent of the dynamics of the Ba plasma.
The Xe plasma code was modified to solve a discretized
form of Eq. (2) on the 2D axisymmetric computational do-
main and mesh shown in Fig. 4. This region encompasses
the insert plasma at the downstream end of the emitter in the
hollow cathode. The Ba neutral and ion densities were ini-
tially assumed to be a uniform low value, and the continuity
equations were then time-marched until the densities and
fluxes achieved steady state values.
B. Boundary conditions
The simulation domain is bounded by five surfaces as
shown in Fig. 4, including the centerline, the upstream inlet
to the cathode, the entrance to the cathode orifice, the
upstream face of the orifice plate, and the emitter surface.
Ion and neutral fluxes through these surfaces are specified as
boundary conditions.
The centerline is a symmetry boundary, so the ion and
neutral fluxes are set equal to zero. The upstream inlet to the
cathode is the only major sink for Ba. Ions and neutrals were
assumed to flow out of this surface with their thermal veloc-
ities and condense on cooler surfaces upstream, as observed
experimentally.5,10 The upstream face of the orifice plate was
assumed to have a steady-state, submonolayer coverage of Ba
with a net neutral flow from the surface equal to the imping-
ing ion flux. Neutrals were assumed to flow out of the cathode
orifice with their thermal velocity. Ions were assumed to have
the same velocity at this boundary as the Xeþ ions. In prac-
tice, there are very few Ba neutrals or ions in this region, so
the results are not sensitive to these assumptions.
The emitter surface serves as the source of Ba, which
flows from the interior through the porous tungsten. The rate
at which Ba is dispensed depends on insert temperature, Tc,
Ba partial pressure in the insert plasma, PBa, and the depth of
the reaction front d, which varies with time. The impregnant
decomposition reaction is assumed to be strongly diffusion-
limited, so the Ba pressure at the reaction front is very close
to the equilibrium pressure of Ba over the reactants, which is
a function of the insert temperature. The diffusive flow or
Knudsen flow through the pores and reaction products in the
insert is driven by the difference in the pressure at the reac-
tion front and the Ba partial pressure at the insert surface.
Finally, the reaction front recedes into the insert as Ba is con-
sumed, so the flow resistance increases with time.
The Ba supply rate from the emitter in previous publica-
tions3,4,15 was based on measurements1 of the Ba flux from
S-type cathodes in vacuum early in life (with a total operating
time tref on the order of 10 h) scaled by the square root of
the operating time. This approach suffered from the uncertainty
in the reference time tref and because it did not show the
dependence of the flux on the depth of the reaction front
explicitly. The results presented here are based on an improved
Ba flux model which uses depletion depth measurements from
dispenser cathodes operating in vacuum.16 The depletion
depths d measured on a number of pellet-shaped dispenser
cathodes operated at four different temperatures for various
times are plotted in Fig. 5. These cathodes employed the same
impregnant as our hollow cathodes, but the tungsten matrix
had a porosity PR of 0.185. The brightness temperatures
reported by Roquais16 were converted to true temperatures
using data from Malter.17 These data are well-represented by
linear fits of the form lnðdÞ ¼ lnðAÞ þ 1
2
lnðtÞ, yielding a square
root dependence of depletion depth on time
d ¼ At1=2: (2)
A plot of lnðA2Þ as a function of inverse true temperature
also reveals a linear dependence, as shown in Fig. 6. This
FIG. 4. Boundary conditions and com-
putational grid for the barium transport
model.
FIG. 5. Measurements of depletion depth as a function of time and tempera-
ture for pellet-shaped cathodes operated in vacuum.16
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gives an Arrhenius-type relationship for the square of the
depletion factor A,
A2ðTcÞ ¼ 3:749 1011 expð3:17e=kTcÞ; (3)
where A is in units of lm/h1/2 and Tc is in K.
The barium vapor flow through the emitter pores is
assumed to be Knudsen flow,18,19 in which the mean free
path for collisions with other gas molecules is much larger
than the pore dimensions. The flux of particles through a unit
surface determined from kinetic theory20 is given by
C ¼ 4
3
k 2pmkTð Þ1=2 dP
dx
; (4)
where k is the particle mean free path. Since the tungsten
emitter contains a series of pores that may be interconnected,
tortuous, and of varying radii, the mean free path is replaced
by an effective mean free path, keff;R, that accounts for these
geometric factors.16 Also, the pressure gradient may be
approximated as the vapor pressure over the reaction prod-
ucts divided by the depth of the reaction front, assuming that
the Ba partial pressure outside the insert, PBa, is zero.
Accounting for these considerations, the Ba flux through the
pores of Roquais’ vacuum cathodes can be written as16
CRs;Ba ¼
4
3
keff;R
2pmBakTð Þ1=2
Pv
d
: (5)
The Ba flux from the interior of a hollow cathode can be sim-
ilarly expressed as
Chcs;Ba ¼
4
3
keff;hc
2pmBakTð Þ1=2
Pv  PBa
d
 
; (6)
where the Ba partial pressure, PBa, is no longer negligible
and keff;hc represents the effective mean free path for the
hollow cathode used in this work. The porosity of Roquais’
vacuum dispenser cathode is different from the porosity of
the hollow cathodes used here, although the substrate and
impregnant materials are the same.16 Equation (6) can be
written as
Chcs;Ba ¼
CRs;Ba
C
Pv  PBa
Pv
 
; (7)
where C ¼ keff;R=keff;hc ¼ 1:2.16
CRs;Ba in Eq. (7) can be expressed in terms of the Ba mass
flow rate through the pores as
CRs;Ba ¼
dmBa
dt
1
mBaS
; (8)
where mBa is the mass of a Ba atom and S is the area of the
surface that is emitting barium. The Ba mass flow rate can be
expressed in terms of the Ba depletion rate, dd=dt, as
dmBa
dt
¼ qSPRsb dd
dt
; (9)
where q is the density of the impregnant, PR ¼ 0:185 is the
porosity of Roquais’ cathode,16 s is the fraction of the pore
volume filled with impregnant, b is the mass fraction of the
impregnant that liberates Ba, and d is the Ba depletion depth.
Differentiating Eq. (2) with respect to time yields the rate at
which the reaction front receded into the interior in Roquais’
experiments,
dd
dt
 
R
¼ A
2
2d
: (10)
Combining Eqs. (7)–(10) gives the Ba flux out of the hollow
cathode as
Chcs;Ba ¼
qPRsb
mBaC
A2
2d
Pv  PBa
Pv
 
: (11)
Therefore, the flux from the emitter as a function of cathode
temperature and depth of the reaction front (depletion depth)
is modeled in the code in terms of material properties,
Roquais’ data on depletion rates over long periods of time,
the vapor pressure associated with the dominant Ba-forming
reaction, and the Ba partial pressure in the insert plasma. As
Eq. (3) shows, A2 is exponentially dependent on temperature.
The vapor pressure also varies exponentially with tempera-
ture, and in this model is given by the equilibrium pressure,
Pv, in Torr for the impregnant decomposition reaction pro-
posed by Rittner,18
logPv ¼ 8:56 20360=Tc: (12)
In cases for which the ambient Ba pressure exceeds the equi-
librium pressure, the reaction is assumed to cease. The tem-
perature distribution measured along the axis of an emitter
with the same geometry and operating conditions as the
LDT cathode21 was used in the simulations. The Ba partial
pressure in the insert plasma near the emitter surface is
calculated as part of the barium Ba solution. The fraction of
the pores filled with impregnate s is assumed to be 1. The
fraction of impregnate mass that can be lost in the form of
Ba, b ¼ 0:39, is based on Lipeles’ and Kan’s thermochemi-
cal model of the BaO-CaO-Al2O3 impregnant.
22 The remain-
ing 60% of Ba is locked up in BaAl2O4 and various
tungstates, which are stable reaction products. The fraction
FIG. 6. Variation of the depletion factor plotted as lnA2 with inverse
temperature.
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of Ba remaining in the measurements discussed in Section II
was about 0.3 (based on comparing the Ba/Al ratios in the
depleted regions with those in the unreacted regions). The
EDS measurements were probably dominated by the signal
in the interior of the impregnant-filled pores, which might be
primarily monobarium aluminate (with a barium content
equal to 1/4 the original value). The tungstates are probably
concentrated along the walls of the pores where the BaO
released in impregnant decomposition reacts with the
tungsten.
Ba neutrals and ions also flow back to the insert surface.
Ions enter the sheath at the Bohm velocity, uB ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kTe=mBa
p
,
and the ion flux is CBaþ ¼ nBaþuB. The cathode temperatures
are too high for Ba to accumulate in thick layers on the sur-
face, and the evaporation rate for bulk Ba at these tempera-
tures exceeds the ion and neutral fluxes by many orders of
magnitude, so we assume that the surface has a steady state,
submonolayer coverage of Ba adsorbed on oxygen on tung-
sten. In steady state, there is no net total Ba flux to the
surface. The neutral flux to the surface is balanced by the de-
sorption of neutrals, and ions that strike the surface return to
the plasma as neutral Ba atoms, so there is a net neutral flow
(in addition to the neutral flow from the insert interior) which
is equal in magnitude to the ion flow. This assumption is
consistent with the observations from long duration tests that
Ba does not accumulate on the downstream surfaces of the
inserts.23
The orifice plate upstream face was also assumed to
have a steady-state, submonolayer coverage with a net neu-
tral flow from the surface equal to the impinging ion flux.
Neutrals were assumed to flow out of the cathode orifice
with their thermal velocity. Ions were assumed to have the
same velocity at this point as the xenon ions. In practice,
there are very few barium ions or neutrals in this region, so
the results are not sensitive to these assumptions. The
upstream boundary is the only major sink for barium. Ions
and neutrals were assumed to flow out this surface with their
thermal velocities and condense on cooler surfaces upstream,
as observed experimentally.5,10
C. The xenon and barium plasma solutions
The results of the Xe plasma simulation for the cathode
at a discharge current of 13.3 A and a Xe flow rate of 3.7
sccm have been described previously,15 but will be briefly
summarized here. Figure 7(a) shows the neutral flow field.
The neutral density is relatively high (1022 m3) and drops
rapidly in the region near the orifice because of the flow out
of the cathode and the consumption of neutrals in the strong
ionization zone at the downstream end of the insert. The
streamlines reveal two sources of neutral gas: the upstream
inlet and the return flow of ions neutralized on the walls. The
streamlines from both sources converge on the orifice.
Figures 7(b) and 7(c) show the electron current transport
and resultant plasma heating. The streamlines represent the
electron current. As Fig. 7(c) shows, the emitter temperature
is strongly peaked at the downstream end and electron emis-
sion is confined to a region about 4mm long near the orifice
plate. The electron flow converges on the orifice and
resistive heating from the high current density results in a
peak in the electron temperature of about 1.85 eV in the ori-
fice. Further upstream, the plasma potential is low and elec-
trons can penetrate from the plasma to the insert surface,
resulting in net electron flow to the insert.
The plasma density distribution and resulting ion flow
are shown in Fig. 7(d). The high electron temperature near
the orifice leads to a peak plasma density of 1021 m3 at
the downstream end. Ions created in this ionization zone
flow out radially and upstream, as shown by the ion current
streamlines. Xeþ ions created here are neutralized on the
walls and return to the discharge as neutrals, as shown by the
neutral flow streamlines in Fig. 7(a).
The experimental observations indicate that the restruc-
turing of tungsten in the eroded zone alters the permeability,
restricting Ba flow to the surface. Based on the measured
depletion depths, we assumed that the pores were completely
blocked for the first 2.5mm at the downstream end, corre-
sponding to a permeability of zero, and that the permeability
varied linearly from zero to unity, corresponding to the flow
resistance of an undisturbed region, over the insert from
2.5mm to 4mm from the tip. The Ba plasma simulation
results for beginning of life conditions are shown in Fig. 8.
The mean free path for Ba atom ionization is plotted in
Fig. 8(a). These values are based on the Ba atom thermal
velocity and the ionization frequency, which was calculated
using the electron density and temperature profiles. The
mean free path for ionization upstream of the dense plasma
region is on the order of meters, but drops to less than
0.1mm near the orifice. Ba atoms that drift into the dense Xe
plasma have a high probability of being ionized.
Figure 8(b) shows the neutral Ba flow field. The Ba
neutral density peaks at 4:5 1016 m3 near the emitter
surface at a point 5–6mm upstream of the orifice plate and
in the corner between the emitter and the orifice plate. The
density decreases by up to two orders of magnitude at the
upstream end of the insert and drops to near zero in the ioni-
zation zone near the orifice. All Ba neutrals ultimately origi-
nate in the insert. Baþ ions are neutralized on the walls and
return to the interior as neutrals, providing a second source
of neutral gas. There are two sinks for Ba neutral gas—the
cold surfaces upstream of the emitter where Ba condenses
and the ionization zone where neutrals are consumed in ion-
izing reactions. The neutral density is so low near the orifice
that the neutral loss rate through the orifice is negligible. The
steep neutral Ba density gradient surrounding the ionization
zone is sustained by a balance between the pressure gradient
and the drag force associated with collisions between Ba
atoms and neutral Xe atoms.3
The Baþ ion density and flow streamlines are shown in
Fig. 8(c). The Baþ ion density is near zero in the dense Xe
plasma near the orifice and peaks in a relatively thin ioniza-
tion front surrounding that zone. As Figs. 8(a) and 8(b) indi-
cate, neutral Ba flowing toward the intense Xe plasma is
ionized at the periphery. The Baþ ion streamlines show that
the ions generated in the ionization zone flow outward and
ultimately strike the emitter or the orifice plate, where they
are neutralized and re-emitted as Ba atoms. The steady state
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Baþ ion density distribution is the result of a more complex
balance of forces.3
D. Time dependent simulation of barium depletion
The Ba plasma model and the flux boundary condition
were used to determine how the depletion depth varies in
time. We assume that the depletion depth changes slowly in
time and that the internal distribution of Ba moves through a
series of quasi-steady states, which allows the use of the
steady state plasma model to calculate the Ba fluxes from the
insert. The depletion calculation starts by specifying the ini-
tial depletion depth along the insert d0ðzÞ, which is a way of
representing the flow resistance associated with the porous
tungsten structure in the etched region (this is not modeled
explicitly). The pores in tungsten are much larger than the
pores in the impregnant reaction products, so presumably
this flow resistance is relatively low. The initial depth was
FIG. 7. Xenon plasma solution for the discharge hollow cathode at the full power operating point.
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assumed to be 2 lm, although the final results are not partic-
ularly sensitive to this choice.
Next, a steady state simulation of the Ba plasma in the
insert was performed using Eq. (11) as the depletion depth-
dependent emitter flux boundary condition. The velocity of
the reaction front into the hollow cathode insert was then
integrated to calculate a new profile for the depletion depth.
The calculation was then repeated using the new values for
the depletion depth profile until a total of 8200 h had been
accumulated. The reaction front velocity at a depth di for
step i is given by
ddi
dt
 
hc
¼ PR
Phc
1
C
A2
2di
Pv  PBa;i
Pv
 
; (13)
assuming 1D diffusion of Ba from the interior. Integrating
this expression yields the new depletion depth diþ1 at a given
z location along the insert,
diþ1 zð Þ ¼ PRPhc
A2
C
Pv  PBa;i
Pv
 
Dt þ d2i zð Þ
" #1=2
: (14)
This assumes that the Ba partial pressure, PBa, does not
change significantly over time Dt. Figure 9 shows the change
in the peak Ba pressure near the emitter surface over the
duration of the simulation. Time steps varying from 50 to
1000 h were chosen to minimize the discretization error.
The results for the measured temperature profile are
plotted in Fig. 10. The calculated neutral Ba partial pressure
near the emitter is compared to the equilibrium Ba pressure
over the reaction zone in Fig. 10(a). The equilibrium vapor
pressure profile follows the cathode temperature profile,
increasing monotonically in the downstream direction. The
axial neutral pressure distribution first rises in the down-
stream direction, then drops where the electron density and
temperature peak, due to ionization. Although Ba flow from
the emitter is set to zero over 2.5mm at the downstream end
of the insert, the neutral pressure rises again near the orifice
plate in a small recirculation zone that is generated in the
corner. The ambient Ba pressure initially exceeds the equi-
librium vapor pressure over much of the insert length, sup-
pressing the reactions in the interior of the porous tungsten
dispenser.
FIG. 8. Barium plasma solution for the discharge hollow cathode at the full power operating point.
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The decrease in the neutral Ba pressure with time shown
in Fig. 10(a) is due to a reduction in the Ba flux from the in-
terior, as shown in Fig. 10(b). The flux initially peaks in the
region between 1.6 and 1.75 cm. The distribution broadens
with time as the neutral Ba pressure falls below the equilib-
rium vapor pressure over the reaction front. Some Ba emis-
sion also occurs at the upstream end where the partial
pressure of Ba falls below the equilibrium pressure for the
reaction.
The recession of the reaction front into the interior with
time is displayed in Fig. 10(c). Ba depletion is initially
restricted to the narrow region between 1.6 and 1.75 cm, but
as more of the surface starts to emit barium, this profile also
broadens. The maximum depth predicted for these conditions
after 8200 h of operation is about 130 lm just upstream of
the region over which Ba emission is set to zero. Some
depletion at the upstream end can also be seen.
IV. COMPARISON OF EXPERIMENTAL AND
SIMULATION RESULTS
The simulation results are compared with the measured
depletion depths in Fig. 11. When the Ba partial pressure is
equal to zero, Eq. (13) can be integrated over the total oper-
ating time to give the total depletion depth. The resulting
depletion depth corresponding to operation in vacuum for
8200 h is plotted as the lower dashed line in Fig. 11. These
values are much larger than the measured values, highlight-
ing the importance of the finite Ba pressure in the plasma in
suppressing depletion.
The intermediate curve represents the results using the
nominal temperature profile. It reproduces qualitatively the
shape of the measured curve, with the maximum depletion
depth upstream of the region with no Ba emission and no
depletion where the Ba plasma pressure exceeds the equilib-
rium vapor pressure. This appears to confirm the proposed
mechanism–suppression of Ba production by the high Ba
partial pressure in the discharge. However, the predicted
magnitude of the depletion depth is larger than the measured
values by a factor of up to 2.5.
This discrepancy could be attributed to uncertainties in
the equilibrium Ba pressure for the impregnant reduction
reaction, the Ba flow rates (e.g., the effective porosity of the
porous structure), code predictions of the Ba partial pressure
FIG. 9. Decrease in the peak barium partial pressure in the discharge due to
depletion for the nominal temperature profile. The open circles represent
individual simulations used in the time-dependent depletion calculation.
FIG. 10. Results of the time-dependent simulation for the nominal tempera-
ture profile.
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in the discharge, or the cathode temperature. Sensitivity anal-
yses indicate that temperature is the only parameter that can
realistically account for this difference. If the Ba flow rate
from the interior was actually lower than the model
described here would indicate, the magnitude of the deple-
tion depth would be lower. However, lower flow rates also
reduce the partial pressure of Ba in the insert plasma allow-
ing more of the insert to emit Ba and broadening the deple-
tion depth profile. Conversely, if the actual equilibrium Ba
pressure over the reaction front was lower than that in the
model, Ba reactions would be suppressed over an even larger
area and the depletion restricted to a narrower zone, but it
would not significantly change the magnitude of the deple-
tion depth.
The only parameter that affects both the magnitude of the
depletion depth and the width of the profile is the temperature.
If we assume that the temperature of the cathode is 70 C
lower than the measured values, agreement between the
model and the depth measurements is very good, as shown by
the solid blue line in Fig. 11. The lower temperature reduces
the rate of depletion, so the total depletion depth is lower. It
simultaneously reduces the equilibrium Ba pressure over the
reaction front, so the reduced Ba flow and resulting partial
pressure in the insert plasma do not cause a broadening of the
depletion depth profile. The depletion rate and the equilibrium
vapor pressure are both exponentially dependent on the tem-
perature, so a relatively small change in this parameter can
explain the discrepancy between the measured and calculated
depths. In comparison, other parameters affect the rate and
vapor pressure linearly, so much larger changes would have
to be postulated to explain the difference.
A 70 C error in temperature is larger than would be
expected given the uncertainties in the temperature measure-
ments.21 However, temperature decreases of this magnitude
over a period of several hundred hours have been observed
at the beginning of long duration tests.24 The temperature
decrease is generally attributed to long term conditioning of
the emitter surface (removal of reactive contaminants and
achieving a stable surface morphology and crystal structure)
which results in a decrease in the work function. The temper-
ature measurements obtained in relatively short duration
tests, before this conditioning has occurred, may therefore
underestimate the steady state temperature reached in the
8200 h test.
V. CONCLUSIONS
Measurements of Ba depletion depths for the cathode
operated for 8200 h revealed that Ba losses were confined to
a small region near the downstream end of the insert, con-
firming predictions made earlier on the basis of a numerical
model of Ba transport in the hollow cathode plasma.3 The
narrow depletion depth profile is the result of two effects.
First, erosion and subsequent redeposition of tungsten at the
downstream end restructure the porous tungsten matrix and
reduce the permeability to Ba flow from the interior. This
effect prevents decomposition of the impregnant over the
first few mm of the insert. Second, Ba is recycled efficiently
in the insert plasma, and the Ba partial pressure is relatively
high. Over much of the upstream part of the insert, the Ba
pressure exceeds the equilibrium vapor pressure of the reac-
tants, suppressing the reaction and preventing depletion in
those regions.
The first effect is modeled in the code by assigning an
ad hoc permeability at the downstream end of the insert,
while the second is modeled self-consistently. The code
reproduces the depletion depth profile shape very well, but
overpredicts the magnitude of the depletion when using
temperatures measured in short duration tests of a similar
cathode. Excellent quantitative agreement is achieved when
the temperature is assumed to be 70 C lower. Observations
from other long duration tests indicate that a reduced temper-
ature is plausible.
The agreement achieved between the modeling and
experiments indicates a significant improvement in our
understanding of the physics governing Ba depletion. The
model is not yet predictive because it relies on inputs such as
the extent of the region over which Ba flow is blocked by
tungsten deposits and is subject to uncertainties in the cath-
ode temperature over long periods of operation. However,
even with these uncertainties, Ba depletion in hollow catho-
des operated in conditions like those in the 8200 h test is not
expected to be a critical failure mode because of the mecha-
nisms that tend to suppress losses.
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